Impaired control over alcohol is central to alcohol use disorder, but most research on impaired control is limited to self-report methods. This study applied intravenous alcohol self-administration to conduct a preliminary investigation of a novel human laboratory model of impaired control. Heavy episodic drinkers (ages 19-22 years) completed a two-hour intravenous alcohol self-administration session that involved an incentive to maintain breath alcohol concentration below 80 mg%. Impaired control was operationalized based on whether participants exceeded (impaired control positive; IC+) or adhered to (impaired control negative; IC−) the breath alcohol concentration limit, as well as the discrepancy between intended and actual peak breath alcohol concentration. Analyses of subjective processes revealed that IC+ participants tended to underestimate their peak breath alcohol concentration relative to IC− participants. Further, IC+ reported greater craving after an initial priming phase, and craving mediated the relationship between self-report impaired control and discrepancies between intended and actual breath alcohol concentration. IC+ participants also showed stronger within-person associations between state changes in stimulation and momentary alcohol self-administration throughout the session. Laboratory impaired control indices demonstrated convergent validity with an established self-report measure of impaired control. These findings provide preliminary validation of a novel human laboratory model of impaired control in a sample of young heavy episodic drinkers, and offer insight into the role of subjective responses (craving, stimulation) in impaired control.
Introduction
Among the earliest symptoms of alcohol use disorders to emerge are those that reflect difficulty controlling alcohol use (i.e. using alcohol in greater amounts or over longer periods than intended and difficulty quitting or cutting down on alcohol consumption; American Psychiatric Association (APA), 2013). These symptoms, often described as impaired control (IC), are thought to be central to the alcohol dependence syndrome (Heather et al., 1993; Jellinek, 1960; Leeman et al., 2014) and may be precursors to the onset of alcohol dependence (Langenbucher and Chung, 1995; Leeman et al., 2012; Nelson et al., 1998) . Thus, IC represents a potential target for early diagnostic and prevention efforts. However, most research on IC has been limited by a reliance on self-report methods. This study aimed to develop and provide initial validation of a novel human laboratory model of IC that harnesses the advantages of intravenous alcohol self-administration methods.
IC has been defined as "a breakdown of an intention to limit consumption" (Heather et al., 1993: 701) , and includes both subjective components (i.e. intentions to limit consumption) and objective components (i.e. drinking behavior that exceeds a predetermined limit). Researchers have argued that IC exists on a continuum, with individuals varying in the degree to which they can control their drinking (Heather et al., 1998; Leeman et al., 2014) . The dimensional nature of IC is reflected in the well-validated Impaired Control Scale (ICS; Heather et al., 1993) , which consists of three continuous factors. Part 1 (attempted control) assesses frequency of attempts to limit alcohol consumption, but is not an index of IC per se. Rather, Part 1 is intended to account for the fact that some drinkers may have little intention to control their alcohol consumption (Heather, 1995; Heather et al., 1993) . Part 2 (failed control) assesses the frequency of difficulty limiting alcohol use and thus provides a self-report index of IC. Part 3 (perceived control) has the same item content as Part 2, but assesses beliefs about one's anticipated ability to control alcohol use rather than actual experiences.
A number of self-report studies have highlighted the incremental and discriminant validity of the IC construct (as measured by the ICS and other self-report scales) in predicting heavy drinking and alcohol problems among young adults (for reviews, see Leeman et al., 2012 Leeman et al., , 2014 . In particular, cross-sectional and prospective studies have shown that IC predicts unique variance in alcohol-related problems when controlling for levels of alcohol use, suggesting that IC is not merely a proxy for heavy drinking (Leeman et al., 2007; Patock-Peckham and Morgan-Lopez, 2006; Wardell et al., 2016) . Additional studies have found that IC predicts unique variance in alcohol problems even when controlling for several relevant constructs such as alcohol expectancies, drinking motives, and impulsivity (Leeman et al., 2009; Nagoshi, 1999) . Thus, IC is a useful construct to include in studies of alcohol use among young adults.
However, most research on IC has been limited by a reliance on self-report methods, which are affected by recall biases and are not suitable for assessing the objective aspects of IC (i.e. objective drinking behavior relative to a predetermined limit). Further, a sole reliance on self-report assessments of IC limits examination of momentary behavioral and psychopharmacological processes that may play a role in IC at the event-level. Thus, a more objective behavioral assessment of IC is necessary. Leeman et al. (2013) recently developed a human laboratory model to study IC processes in vivo. In this procedure, participants are encouraged to limit alcohol self-administration by informing them that drinking too much is likely to impact their performance on subsequent cognitive tasks, and that poor performance will result in randomly determined reductions in the monetary rewards they will receive. Participants who proceed to drink heavily are thought to be exhibiting IC. Leeman et al. reported that participants randomized to this procedure drank less overall than those assigned to a control condition, and that certain risk factors were correlated with alcohol consumption in the experimental condition. Their study represents an important step toward a human laboratory model of IC, and raises several questions to be addressed by future research. For example, Leeman et al. examined alcohol self-administration in relation to experimenter-imposed limits only; the role of participants' personal intentions for alcohol consumption remains to be examined in this context. Also, more research is needed to clarify the relationship between self-report measures of IC and behavioral indices of IC derived from laboratory models. Intravenous (IV) alcohol self-administration methods hold promise for human laboratory models of IC. In a free-access variant of a computer-assisted IV alcohol self-administration method (Zimmermann et al., 2008 (Zimmermann et al., , 2013 , participants press an electronic button ad libitum that triggers an IV infusion of alcohol. Each infusion results in a highly standardized increment in breath alcohol concentration (BrAC), reflecting arterial blood alcohol concentration (an index of brain alcohol exposure). A key advantage of IV alcohol self-administration is that it affords participants relatively more control over their own BrAC than oral alcohol self-administration (Zimmermann et al., 2008 (Zimmermann et al., , 2013 . Further, each button press rapidly results in precise, uniform changes in BrAC, permitting accurate real-time BrAC estimates with respect to a predetermined limit. Thus, IV alcohol self-administration can facilitate a detailed analysis of behavioral and psychopharmacological processes that may contribute to IC at the event level. For example, we recently demonstrated the utility of IV alcohol self-administration for examining dynamic state changes in subjective alcohol effects in relation to momentary alcohol self-administration behavior (Wardell et al., 2015) . Although studies of subjective responses to alcohol have rarely examined IC directly, it has been speculated that both low response to alcohol's intoxicating effects (e.g. sedation) and greater reward-related responses to alcohol (e.g. stimulation, craving) could contribute to IC (e.g. King et al., 2011) . Indeed, Wardell et al. (2015) found that self-reported IC predicted greater craving response to alcohol during an IV alcohol selfadministration session and also moderated the relationship between craving and alcohol self-administration. Thus, applying IV alcohol self-administration to develop a laboratory model of IC would facilitate a real-time examination of subjective processes in event-level IC.
In the present study, we aimed to develop a human laboratory method that utilizes IV alcohol self-administration to model IC. As IC tends to emerge early in the constellation of alcohol problems and may be an important target of early interventions (Leeman et al., 2012) , we chose to focus on young adults who reported heavy episodic drinking (consuming 4/5 or more drinks on one occasion for women/men; Wechsler and Nelson, 2001 ) for this preliminary investigation. We provided participants with an incentive to limit alcohol self-administration and operationalized IC as both self-administration exceeding a predetermined, imposed limit (i.e. 80 mg% BrAC) as well as self-administration exceeding participants' own subjective limits (i.e. maximum BrAC they intended to achieve). To provide an initial validation of this laboratory model, we examined the associations between the laboratory indices of IC and self-report indices of IC (i.e. ICS) to establish convergent validity. We also examined the ability of this laboratory model to capture IC over and above heavier drinking behavior more generally by analyzing the incremental associations of the ICS with laboratory IC indices after controlling for typical alcohol consumption.
Our secondary aim was to examine behavioral and subjective processes that may play a role in IC. Specifically, we examined differences in momentary alcohol self-administration behavior (as indexed by BrAC trajectories) in relation to the likelihood of IC during the session. We also examined whether event-level IC was associated with perceptions of intoxication (as indexed by over-or under-estimating BrAC) as well as individual differences in subjective responses (stimulation, sedation, craving) to an initial priming dose of alcohol (i.e. 30 mg% BrAC). We further examined whether these subjective responses mediated associations of trait levels of IC (as indexed by ICS) with event-level IC (i.e. laboratory indices). Finally, we examined whether withinperson associations between state changes in subjective responses during the session and momentary alcohol self-administration behavior were linked with laboratory IC.
Method

Participants and eligibility
All procedures were approved by the Research Ethics Board of the Centre for Addiction and Mental Health. Participants were recruited via advertisements that targeted "social drinkers" as well as individuals who "sometimes drink more alcohol than planned." An initial eligibility assessment was conducted via telephone.
Eligibility criteria included drinking at least once per week, at least two past month heavy drinking episodes (4+/5+ standard drinks for women/men; Wechsler and Nelson, 2001) , and holding a valid driver's license. To limit variability related to developmental processes, we selected a sample that was relatively homogenous in developmental stage (i.e. 19-22 years old, roughly corresponding to university age). Exclusion criteria included past or current alcohol treatment or current desire/attempts to stop drinking, current psychiatric diagnoses requiring treatment, recent illicit drug use (cannabis excepted), contraindications to alcohol use or intravenous protocols, and significant nicotine dependence (defined as a score >5 on the Fagerström Test for Nicotine Dependence). Since we expected that most eligible heavy episodic drinkers would endorse moderate levels of impaired control, to ensure an adequate range of IC in our sample we administered Part 2 of the ICS during the phone screen and prioritized scheduling of those scoring relatively high and low on ICS Part 2. The ICS Part 2 scores in the final sample approximated a continuous, normal distribution (see Table 1 for descriptive statistics). The final sample consisted of 16 participants (50% women) with a mean age of 20.69 (SD=0.95) years. Participants reported their race as follows: Caucasian (n=8), Black/African American (n=4), Asian (n=2), mixed race (n=1) and other (n=1).
Procedures
Assessment session. Participants who were eligible after the phone screen completed an in-person assessment visit, which included written informed consent, completion of self-report measures via computer (including the full ICS), and a Time Line Follow Back assessment of past 90-day alcohol use conducted by a trained interviewer (see Measures). A medical screening (including a urine toxicology screen) was conducted to confirm eligibility, as verified by the study physician. Participants were instructed to fast (for four hours) and to abstain from alcohol and other drugs (for 24 h) prior to the alcohol session.
Pre-alcohol procedures and incentive to limit alcohol selfadministration. All alcohol sessions took place in an academic hospital setting and were conducted by the first author (i.e. the "experimenter"), who was blind to ICS scores. Upon arrival, the experimenter reminded the participant (as explained during the assessment visit) that the purpose of the study was to examine subjective feelings related to BrAC and that he or she would be free to self-administer as much or as little alcohol as desired. The experimenter then administered a breathalyzer to confirm a BrAC of zero, measured the participant's height and weight, and served a standard calorie snack. Female participants also completed a hormonal pregnancy test.
Next, the experimenter informed the participant that he or she was eligible to take part in a separate driving simulation study in which higher cash rewards could be earned for better driving performance (however, no such study actually took place). A similar approach has been previously used in a study of self-control processes related to alcohol consumption (Muraven et al., 2002) . The experimenter told the participant that he or she would begin the driving study soon after the alcohol session ended, and that it would take place in an adjacent driving simulation laboratory that was visible to the participant. The experimenter then informed the participant that driving performance was likely to be significantly impaired at BrAC>80 mg% and provided the participant with an individualized estimate of the approximate number of standard drinks that would result in a BrAC of 80 mg% (using formulas presented in Brick, 2006) . The experimenter suggested that the participant "keep these limits in mind" when deciding how much alcohol to self-administer during the study. This approach is similar to the approach used by Leeman et al. (2013) , in that participants were told that a monetary reward would be contingent on successful performance of a task that was likely to be impaired by alcohol. As Leeman et al. argued , the likelihood of negative consequences following heavy drinking is often uncertain, and so the use of an incentive that has an uncertain outcome is consistent with real life drinking contexts. The driving task provides further real-world applicability as it represents a familiar scenario in which individuals may attempt to limit their alcohol consumption. Next, the participant was given a paper-and-pencil questionnaire, which included items assessing motivation to perform well on the driving simulation. To attempt to reduce social desirability bias, the experimenter informed the participant that he would not be reviewing responses to items on this questionnaire and instead would be forwarding the responses to the driving study coordinator for their records.
Alcohol infusion procedures.
A registered nurse then placed an indwelling catheter, and the participant was seated in a medical recliner chair in front of a computer monitor and completed presession questionnaires on the computer (see Measures section). Sessions involved free-access IV alcohol self-administration using the Computer Assisted Infusion System (CAIS; Zimmermann et al., 2008) . The protocol for the session was highly consistent with other free-access IV alcohol self-administration studies conducted by our group (for details, see Hendershot et al., 2016; Wardell et al., 2015) . Each time participants pressed an electronic button, the CAIS software triggered an infusion of 6% (v/v) alcohol-in-saline that resulted in an incremental BrAC increase of 7.5 mg% over 2.5 min. When infusions were not in progress, the software specified a descending BrAC rate of −1 mg% per min. Given that each button press rapidly results in a standardized BrAC increment and descending BrAC is pseudoconstant, this method affords participants greater control of their BrAC relative to oral self-administration (Wardell et al., 2015; Zimmermann et al., 2013) . A safety ceiling was set such that the button temporarily was deactivated when BrAC approached 120 mg%.
Immediately prior to the infusion, the experimenter delivered standardized instructions to orient the participant to the session. The participant was told to self-administer a level of alcohol that he or she liked and that it was up to him or her to decide how much to administer. The session began with a priming phase, during which participants were asked to self-administer four successive alcohol requests, yielding a target BrAC of 30 mg% over the first 10 min. To aid participants in modulating their BrACs during the session, participants were told that each time they pressed the button their BrAC would increase by a set amount, and the experimenter provided the participant with feedback on breathalyzer readings obtained after the second (BrAC approximately 15 mg%) and fourth (BrAC approximately 30 mg%) priming infusions, along with individually-tailored standard drink equivalents. No breathalyzer feedback was provided after the priming phase. After a five-minute waiting period, the ad libitum phase began and lasted for the remainder of the session (120 min total). BrAC readings were obtained every 15 min and were entered into the CAIS software, permitting real-time adjustment of model-projected BrAC. Participants completed questionnaires assessing subjective effects (see Measures section) following the priming phase (12 min), and then again at approximately 30, 60, and 90 min.
Post-alcohol procedures. After the session, the nurse removed the catheter and the participant was provided with a snack. To avoid debriefing participants when they were intoxicated, the participant was informed that the driving simulation was cancelled due to a scheduling issue and was offered a US$10 bonus "for the inconvenience." After BrAC fell below 30 mg%, the participant was fully debriefed and discharged.
Measures
ICS (Heather et al., 1993) . Part 1 of the ICS assesses the frequency of attempts to limit alcohol use in the past six months (five items; e.g. "I have tried to limit the amount I drank"; α=0.81). Part 2 assesses difficulty limiting alcohol use in the past six months (10 items, e.g. "Even when I intended having only one or two drinks, I ended up having many more"; α=0.92). The items in Part 3 assess beliefs about anticipated difficulty controlling alcohol use; we did not include Part 3 in our analyses as it was highly redundant with Part 2 (r=0.97). The ICS has good psychometric properties (Heather et al., 1993 (Heather et al., , 1998 .
Self-report alcohol consumption. During the assessment visit, a trained research assistant administered the Timeline Follow Back (TLFB; Sobell and Sobell, 1992) , a structured calendarbased assessment of drinking behavior. The TLFB was used to estimate past 90-day drinking frequency, average number of drinks per drinking day, and heavy episodic drinking frequency (four or more drinks for women or five or more drinks for men). Participants also completed the Alcohol Use Disorders Identification Test (AUDIT; Saunders et al., 1993) , a widely used 10-item measure assessing level of alcohol use and associated harms.
Motivation questions.
Immediately after learning about the driving study, participants responded to three items assessing motivation to perform well on the driving simulator (see Supplementary Material, Table 1 ). We averaged responses to the items to create a motivation index, which had high internal reliability (α=0.93).
Subjective response questionnaires. Subjective responses to alcohol were measured with the Biphasic Alcohol Effects Scale (BAES; Martin et al., 1993) , which contains seven items assessing stimulation (e.g. "energized," "high"; α=0.93-0.95 across time points) and seven items assessing sedation (e.g. "drowsy," "tired"; α=0.87-0.94). Participants responded on a 0-10 scale and mean responses for each subscale were used. Craving was assessed with one item rated on a 0-10 scale: "How much do you want more of the infusion?"
Intended and perceived BrAC. Immediately prior to the alcohol priming phase, participants responded to an item that read, "What is the maximum blood alcohol level you intend to achieve during the session? (For reference, remember that 0.08 g% is the blood alcohol level that is the legal limit for driving)." Following the session, after participants' BrAC fell below 45 mg%, they responded to an item that read, "Please indicate what you believe to be your actual maximum blood alcohol level during the session. If you're not exactly sure, please give your best estimate." Options ranged from 0.03-0.16 (g%) or more for both items.
Data analysis plan
Computing laboratory indices of impaired control
We derived two indices of IC from the laboratory data. First, consistent with Leeman et al. (2013) , heavy alcohol consumption in spite of the incentive and guideline for limiting alcohol consumption was thought to be reflective of IC. Because all participants were given the same incentive and guideline for limiting alcohol self-administration (80 mg%), greater alcohol self-administration (as indexed by peak BrAC during the session) was considered to be indicative of greater IC. Inspection of the data revealed that peak BrAC followed a clear bimodal distribution in our sample, with values clustering well above (M=119.33, SD=5.79, range=111-124 mg%) and below (M=45.00, SD=12.49, range=30-62 mg%) the 80 mg% cut off (see Figure 1) . Thus, we could not treat peak BrAC as a continuous variable in our analyses as distributional assumptions were violated; instead, we dichotomized participants into two groups for analyses: IC+ (peak BrAC>80 mg%) and IC-(peak BrAC<80 mg%).
Second, given that IC involves a subjective component (i.e. a subjective intention to limit consumption), we also created an index of IC representing the difference between actual peak BrAC and intended peak BrAC (assessed prior to the session). This difference score was continuous and approximated a normal distribution (skewness=0.43, kurtosis=−0.90) and thus was analyzed as a continuous variable. Two participants reported intended peak BrACs greater than the 120 mg% safety ceiling and thus were prevented from reaching their intended BrAC. Both of these participants did, however, reach the 120 mg% safety limit (both had observed peak BrAC=124 mg%). For these participants, the difference between intended and actual peak BrAC was coded as zero.
Data cleaning and descriptive analyses
The distributions of all variables were examined prior to analyses and screened for outlying values. Continuous variables approximated normal distributions (skewness<1.11; kurtosis<0.91), with the exception of the index of motivation to perform well on the driving simulator, which was skewed toward the high end of the scale. One participant's alcohol session was cut short at 98 min due to a technical issue and thus she was missing BrAC data at the 105 and 120 min time points. Still, given that this participant had an observed BrAC of 111 mg% at 90 min, we were able to confidently classify her as IC+ and retain her data in the analyses. For descriptive purposes, we conducted chi-square tests and t-tests to compare IC+ and IC-on demographics, self-report variables, and subjective responses. We also examined correlations among all continuous variables.
Validity analyses
To establish convergent validity of the laboratory IC indices, we used regression-based analyses to examine the prediction of the a) ); mean differences between IC-and IC+ on observed BrAC (panel (b)); mean differences between IC-and IC+ on discrepancies between actual peak BrAC and both intended and perceived peak BrAC (panel (c)); mean differences between IC-and IC+ on post-priming ratings of stimulation, sedation and craving (panel (d)). Standard errors are shown in error bars. In panel (c), a difference greater than zero indicates that actual peak BrAC was greater than intended/perceived BrAC. df=14 for all tests of differences between IC-and IC+, except df=13 for end of session BrAC as one participant was missing data due to a technical issue that ended the session early. Groups were based on whether participants exceeded (IC+) or adhered to (IC-) the breath alcohol concentration guideline (i.e., 80 mg%). ***p<0.001; **p<0.01.
laboratory IC indices from ICS scores (which were standardized to facilitate interpretation of coefficients). We expected Part 2 of the ICS (failed control) to be positively associated with laboratory indices of IC. Given that Part 1 (attempted control) is not a measure of IC per se, we did not expect Part 1 to be as strongly related to laboratory IC. However, it has been suggested that endorsement of IC is influenced by the degree to which individuals have actually tried to control their drinking (Heather et al., 1993; Marsh et al., 2002) . For example, some heavy drinkers may infrequently attempt to control their drinking, which could result in low endorsement of IC even if they always experience IC whenever they do attempt to limit consumption. Thus, it has been argued that attempted control should be taken into account when assessing impaired control (Heather et al., 1993) . Accordingly, we adjusted for frequency of attempts to control drinking (ICS Part1) when examining associations of IC frequency (ICS Part 2) with laboratory IC.
First, in logistic regression, the two ICS scales were specified as predictors of the odds of exceeding 80 mg% BrAC. The statistical significance of the individual predictors was evaluated using likelihood ratio (LR) tests (i.e. decrease in model fit associated with removing each predictor). Next, using multiple regression, we examined the ICS as predictors of the difference between intended and actual peak BrAC. To examine incremental validity, we re-ran each model controlling for drinks per drinking day to establish whether the laboratory IC indices were better predicted by ICS and not merely by greater alcohol use.
Process analyses
To examine momentary alcohol self-administration behavior linked with laboratory IC, we used multilevel modeling in SPSS Statistics v.21 (IBM Corporation) to analyze differences in observed BrAC trajectories between IC+ and IC-. We first examined the shape of the BrAC curve (following the priming phase) in the entire sample by fitting successive polynomial functions for time (linear, quadratic, cubic). Time was coded in hours and centered around the one-hour time point. We next tested for differences between IC+ and IC-in the BrAC curves across the session by entering all interactions between the polynomial time trends and IC group.
We next examined the hypothesis that initial subjective responses to alcohol would act as mediators linking trait IC (as measured by the ICS) with event-level IC (as indexed by exceeding 80 mg% BrAC and discrepancies between intended and actual BrAC). Given the small sample size and the potential for collinearity in the model due to the moderate correlations among the putative mediators (i.e. post-priming stimulation, sedation and craving), it was not feasible to conduct a complex mediation analysis including all covariates and mediators simultaneously. Thus in order to arrive at a simplified mediation model, we first examined whether ICS Part 2 significantly predicted each of the putative mediators (controlling for ICS Part 1 and drinks per drinking day) in separate regression analyses, and selected only those variables that were statistically significant for the full mediation analyses. Mediation analyses were conducted using the SPSS PROCESS macro (Hayes, 2013) . Bootstrapping was used to derive 95% bias-corrected confidence intervals for indirect associations between ICS Part 2 and laboratory IC indices mediated via the relevant subjective response variable.
Bootstrapping is superior to other methods for examining mediation with small samples as it yields less biased estimates and greater statistical power (MacKinnon et al., 2004; Shrout and Bolger, 2002) .
Finally, we examined whether ongoing changes in stimulation, sedation, and craving throughout the session predicted momentary alcohol self-administration behavior, and whether the strength of these within-person associations were linked with laboratory IC. Again, to avoid potential problems related to multicollinearity, we ran separate multilevel models for each of the three subjective response variables (stimulation, sedation and craving). In each model, the subjective response variable at each of the four survey time points was modeled as a predictor of the observed BrAC reading obtained 15 min later. We centered each observed subjective response value around each participant's mean value (averaged across the four time points), and included both this person-centered variable (within-person) and the individual-level mean (between-person) in the analyses (Raudenbush and Bryk, 2002) . Interactions between ICS group and both the within-person and between-person subjective response variables were also included in the models.
Results
Descriptive analyses of laboratory IC indices
Six of the 16 participants were classified into the IC+ group based on a peak BrAC>80 mg%. Both IC+ and IC-groups contained an equal number of men and women. All IC+ participants also had BrAC>80 mg% at the end of the session (not including the one participant whose session was terminated prematurely). Figure 1 shows differences between IC+ and IC-on BrAC, discrepancies between BrAC and both intended and perceived BrAC, and post-priming subjective responses. Table 1 shows descriptive statistics by IC group and Table 2 shows the correlations between the continuous self-report and laboratory variables.
Overall, participants reported a high level of motivation to perform well on the driving simulation, with an average score of 7.33 (SD=2.19) on the motivation questionnaire (0-10 scale). However, the majority of participants (n=10) also reported that they intended to achieve a maximum BrAC greater than 80 mg% during the session (M=96.88, SD=24.14). Still, only one IC+ participant obtained a lower than intended peak BrAC; the other IC+ participants either exceeded their own intentions (n=3) or were prevented from achieving an intended BrAC that was greater than 120 mg% because they hit the safety ceiling first (n=2). In contrast, no participants in the IC-group achieved or exceeded their own intended maximum BrAC (see Figure 1 for means). Thus, the two laboratory indices of IC (i.e. peak BrAC>80 mg% and discrepancy between intended and actual BrAC) were highly related (r=0.86), suggesting that these indices are tapping into the same construct in this study. Further, there was only a small, nonsignificant difference between men and women on the discrepancy between intended and actual BrAC, t(14) =−0.04, p=0.973, d=−0.02. In addition, there was a tendency for participants in the IC+ group to underestimate peak BrAC (suggesting lower subjective relative to actual intoxication) and for participants in the ICgroup to overestimate peak BrAC (suggesting higher subjective relative to actual intoxication; Figure 1 ). Also, IC+ reported relatively greater craving after the priming phase than IC-; the differences in stimulation and sedation were smaller and did not reach statistical significance (Figure 1 ).
Validity analyses
In logistic regression, ICS Parts 1 and 2 together classified 88% of participants into the correct IC group (n=9 IC-and n=5 IC+), χ 2 (2)=9.03, p=0.011. Further, both higher scores on Part 2 (B=2.42, SE=1.36, LR=6.32, p=0.012, OR=11.23, 95% CI (1.52-462.13)) and lower scores on Part 1 (B=−2.67, SE=1.30, LR=8.08, p=0.004, OR=0.07, 95% CI (<0.01-0.51)) independently predicted greater odds of exceeding 80 mg%. This finding suggests that IC+ was predicted by greater difficulty limiting consumption on one hand but also by less frequent attempts to limit consumption on the other hand. Moreover, when average drinks per drinking day was included as a covariate, it was not a unique predictor of ICS group (B=0.59, SE=0.47, LR=1.96, p=0.161, OR=1.80, 95% CI (0.80-6.70)), and both ICS scales remained statistically significant (LRs>7, ps<0.01), suggesting that variance in the laboratory index of IC cannot be fully accounted for by heavier drinking.
Further, in a multiple regression analysis ICS Part 2 predicted greater relative differences between actual and intended peak BrAC (B=17.73, SE=7.52, p=0.035, 95% CI (1.47-33.98)), but the unique association for ICS Part 1 was slightly weaker and nonsignificant (B=−14.35, SE=7.52, p=0.079, 95% CI (-30.61-1.91)). The model accounted for approximately 22% of the variance in the difference between actual and intended BrAC, adjusted R 2 =0.215, F(2,13)=3.05, p=0.082. Again, when drinks per drinking day was included as a covariate, it was not a significant predictor (B=4.38, SE=3.00, p=0.170, 95% CI (-2.15-10.92)), and it did not affect the statistical significance of the ICS (p=0.093 and p=0.029 for ICS Part 1 and Part 2, respectively).
Process analyses
Behavioral alcohol self-administration processes. See Figure 2 for the mean observed BrAC readings across the session for each IC group as well as the observed BrAC trajectories for each individual participant. The results of the multilevel analysis suggested that the average BrAC trajectory was best described by a quadratic function, with the final multilevel model containing statistically significant linear effects of time (see Table 3 ). The random intercept and slope terms were statistically significant, suggesting that there was variability across participants in BrAC trajectories over time. We next entered the interactions with IC group, which were statistically significant for both the linear and quadratic time effects (Table 3) . These results indicate that for IC+, BrAC increased much more rapidly early in the session and declined less toward the end of the session relative to IC-(see Figure 2 ).
Subjective processes: mediation analyses. While controlling for average drinks per drinking day, ICS Part 2 was a statistically significant predictor of post-priming craving, B=1.89, SE= 0.75, p=0.027, 95% CI (0.25-3.53), but not post-priming stimulation or sedation (ps>0.10), and so only craving was examined in mediation analyses. ICS Part 1 and average drinks per drinking day were not uniquely related with any of the post-priming subjective variables (ps>0.10), and so these covariates were not included in the mediation models. Analyses of the full mediated pathways using SPSS PROCESS revealed that the indirect pathway from ICS Part 2 to likelihood of exceeding 80 mg% mediated via post-priming craving did not reach statistical significance, B=1.29, SE=5.46, 95% CI (-0.28-13.15 ). However, post-priming craving was a significant mediator of the association between ICS Part 2 and the difference between intended and actual peak BrAC, B=6.31, SE=3.63, ). Approximately 64% of the total effect was accounted for by the indirect effect. Supplementary Material, Table 2 contains all parameters estimates for the mediation analyses. Subjective processes: moderation analyses. Random slope factors for the within-person associations between subjective responses and BrAC did not contain statistically significant variance in any of the multilevel models and were removed from the models. The results revealed that IC group significantly moderated the within-person association between stimulation and BrAC throughout the session (interaction B=17.66, SE=3.45, p<0.001, ). Figure 3 shows the simple slopes for the within-person stimulation-BrAC association conditioned on each IC group. For IC+, this association was statistically significant (B=20.69, SE=2.62, p<0.001, 95% CI (15.40-25.97)), indicating that within-person increases in stimulation at a given time point (relative to an individual's average stimulation) predicted greater momentary alcohol self-administration as indexed by increased Groups were based on whether participants exceeded (IC+) or adhered to (IC-) the breath alcohol concentration guideline (i.e., 80 mg%). Table 3 .
Discussion
The present study is the first to utilize IV alcohol self-administration to develop a human laboratory model of IC, providing a preliminary investigation of a new objective method for assessing IC that has potential advantages over self-report methods. In this study, we provided participants with an incentive to limit alcohol self-administration along with a specific guideline for alcohol self-administration behavior (i.e. BrAC<80 mg%), which allowed us to operationalize IC as heavier alcohol selfadministration despite this incentive and guideline for limiting alcohol self-administration. Further, given that the IC construct consists of a subjective intention to limit consumption (Heather et al., 1993; Leeman et al., 2012) , we also operationalized IC as the extent to which alcohol self-administration behavior exceeded an individual's own subjective limit (i.e. intended maximum BrAC reported prior to the session). We found that the two laboratory indices of IC were strongly correlated in the present study, with five out of six participants who exceeded 80 mg% (IC+) also exceeding their own personal BrAC limit (or hitting the safety ceiling before reaching this limit) and no IC-participants exceeding their own subjective BrAC limit. This is striking given that IC+ reported significantly greater intended BrAC than IC-in the first place. These findings suggest that, at least in the context of this study, the operationalization of IC does not differ notably whether objective or subjective consumption limits are used. Given that this is the first study to our knowledge to include indices of IC defined by both experimenter-and self-imposed alcohol self-administration limits, further research is necessary to clarify the relationship among these indices. While discrepancies between subjective limits and actual consumption are most closely aligned with the IC construct and thus should be a focus of future research, consumption that exceeds a standardized limit may also be relevant for understanding impaired control in certain contexts (i.e. attempts to moderate alcohol consumption before driving). The findings of this study provide preliminary support for the validity of this novel laboratory model of IC in a sample of young heavy episodic drinkers. When controlling for frequency of attempts to limit alcohol consumption (ICS Part 1), self-reported IC (ICS Part 2) was a strong and statistically significant predictor of both of the laboratory indices of IC (i.e. exceeding 80 mg% and discrepancies between intended and actual peak BrAC). These findings support the convergent validity of the laboratory IC indices and also support the predictive validity of the ICS given that the ICS was administered prior to the alcohol session. Incremental validity was supported by the finding that although average drinks per drinking day was moderately (albeit not significantly) correlated with laboratory IC indices, when controlling for shared variance, ICS Part 2 was a stronger predictor of unique variance in laboratory IC indices than drinks per drinking day. Thus, the laboratory IC indices were related uniquely to a self-report measure of IC and were not merely a function of a tendency to drink greater amounts of alcohol in general. An important next step will be to evaluate whether the validity of this method extends beyond young heavy episodic drinkers.
These findings also highlight the importance of accounting for frequency of attempts to limit consumption (i.e. ICS Part 1) when examining the relationship between self-reported IC (i.e. ICS Part 2) and other indices of IC. Indeed, the associations between laboratory IC indices and ICS Part 2 were stronger in analyses that accounted for the shared variance between ICS Parts 1 and 2. Although Part 1 of the ICS was developed specifically to account for attempts to limit alcohol consumption when examining IC (Heather et al., 1993) , this is the first study to our knowledge to show that controlling for Part 1 could potentially improve the predictive validity of Part 2. Interestingly, ICS Part 1 was also a unique predictor of laboratory IC, with less frequent attempts to control drinking predicting greater likelihood of exceeding 80 mg% (but not differences between intended and actual peak BrAC). This finding is consistent with a few prior studies that have reported negative correlations between ICS Part 1 and both other measures of IC and general measures of alcohol problems (Heather et al. 1998; Marsh et al. 2002) , a pattern that has been interpreted as reflecting a lower motivation to attempt to control consumption among some heavy drinkers (Marsh et al., 2002) . This is the first study to show that low attempted control is uniquely associated with event-level IC.
A significant strength of this novel laboratory model is that the IV alcohol self-administration method permits relatively greater self-modulation of BrAC relative to oral alcohol self-administration and provides real-time estimates of BrAC relative to a predetermined limit. Further, IV alcohol selfadministration can achieve rapid changes in arterial BrAC (indexing brain alcohol exposure) that are virtually identical across participants, facilitating an examination of momentary behavioral and psychopharmacological processes that may play a role in IC. Indeed, we were able to examine differences between IC+ and IC-with respect to momentary alcohol self-administration behavior during the session. We found that IC+ showed rapid alcohol self-administration early in the session (as reflected in a much steeper initial BrAC slope) and more sustained alcohol self-administration behavior (as reflected in less of a decline in BrAC toward the end of the session).
Moreover, this study extended prior research on IC by examining dynamic psychopharmacological processes that may play a role in IC. First, we found that laboratory indices of IC were associated with relatively lower subjective intoxication as indexed by a tendency to underestimate one's own peak BrAC. This finding is consistent with the notion that individuals who are less sensitive to alcohol's intoxicating effects may be at greater risk for IC because they may not perceive physiological cues that too much alcohol has been consumed (Leeman et al., 2013) . We also found that laboratory IC indices were associated with greater craving response to the initial priming dose (30 mg%), consistent with early work hypothesizing that craving may be a core mechanism underlying IC (Jellinek, 1960) . Further, we found that post-priming craving mediated the relationship between self-reported IC (ICS Part 2) and laboratory IC, although the indirect association only reached statistical significance when predicting the discrepancy between intended and actual BrAC. This finding provides some preliminary evidence that craving may be a mechanism that links trait levels of IC with event-level IC. Conversely, withinperson changes in craving throughout the session were not predictive of ongoing alcohol self-administration behavior. Instead, we found that within-person increases in stimulation were associated with greater momentary alcohol self-administration (as indexed by increased BrAC 15 min later), and that this association was stronger for IC+ than IC-. These findings are partially consistent with a prior IV alcohol self-administration study that did not involve an incentive to limit alcohol self-administration (Wardell et al., 2015) , and provide event-level evidence that stronger initial and ongoing reward-related responses to alcohol may play a role in IC among young heavy episodic drinkers.
There are some limitations of this study that must be considered. First, the sample size was relatively small, and so this study represents only a preliminary investigation and must be replicated in a larger sample. As the small sample resulted in low power, which may explain some of the null findings observed, we must use caution not to overstate the relative importance of effects that were statistically significant over those that were not. Moreover, although we observed large effect sizes for some of our findings, it has been argued that small samples can increase the probability of inflated effect size estimates (Button et al., 2013) . Thus, effect sizes reported here should be interpreted with caution and replication in a larger sample is required to derive more reliable effect size estimates. Also, the small sample limited our ability to test more complex process-oriented analyses (i.e. multiple simultaneous mediators).
Additionally, although participants tended to self-report a high level of motivation to perform well on the driving simulation, we cannot be certain that participants indeed attempted to exert more control over their alcohol self-administration behavior than they otherwise would have or that group differences would not have emerged without the driving incentive. Moreover, we cannot rule out the possibility that social desirability bias may have contributed to the high ratings observed on the motivation questionnaire. Still, Leeman et al. (2013) reported that participants in their study drank less overall when they were randomized to the incentive condition relative to the control condition, supporting the notion that the monetary incentive motivated participants to limit alcohol consumption. Because we used similar procedures, we have some basis for speculating that participants may have attempted to limit their consumption in our study. However, future research including a control condition will be necessary to further validate this aspect of the method.
Another important limitation is that the safety limit used in this study introduced a ceiling effect that likely attenuated the magnitude of the differences between intended and actual peak BrAC. Indeed, four IC+ participants reached the safety limit and were cut off from alcohol self-administration for a period of time.
It is important to note, however, that this study still involved a relatively high BrAC ceiling, allowing for more variability in BrAC range than is typical in oral alcohol self-administration studies (Zimmermann et al., 2013) . Also, despite the many advantages of the IV alcohol self-administration method, there are some limitations to the external validity of these findings, as IV alcohol self-administration in the laboratory does not replicate oral alcohol consumption in naturalistic settings. Further, the generalizability of the findings may be limited by our focus on a young population, our attempt to prioritize recruitment of participants scoring relatively high and low on the ICS, and medical exclusion criteria. More research will be necessary to extend this method to more diverse samples to clarify the generalizability of the findings.
Finally, given the resources required for intravenous alcohol administration protocols, this method for examining IC will not be feasible in all research or clinical settings. However, despite some unique practical challenges, the high degree of experimental control afforded by intravenous methods can be advantageous for examining trait or state factors that influence self-administration Wardell et al., 2015; Zimmermann et al., 2013) , potentially providing a sensitive laboratory-based method for studying intervention effects on impaired control and other intermediate clinical outcomes (e.g. Bujarski and Ray, 2016; Litten et al., 2015) . This new laboratory method for studying IC is consistent with the National Institute of Mental Health's Research Domain Criteria initiative (Insel et al., 2010) , as Litten et al. (2015) have recently called for the development of behavioral laboratory methods to study Research Domain Criteria constructs in relation to alcohol use disorder. Although the results of the present study await replication in a larger, more diverse sample, if further validated, this new laboratory model could represent an important step in this endeavor.
